Abstract-Radio-over-fiber (ROF) will be an indispensable part of future wireless communication networks to support backhaul connectivity. The performance of ROF communication system is impaired with signal-dependent distortions in the optical fiber link such as shot noise and relative intensity noise. In this paper, these signal-dependent distortions of the ROF channel are analyzed in more details and a variance normalizing technique is proposed to normalize the noise power. In effect, the signal-dependent noisy ROF channel is converted to a signalindependent additive white Gaussian noise channel for which the conventional signaling techniques are efficient. The results show significant performance improvements for the proposed technique in terms of signal-to-noise ratio.
I. INTRODUCTION
Due to advances in wireless communication systems and growth in bandwidth demand by mobile users, either employing higher carrier frequencies or splitting the cells to increase frequency reuse in the mobile cellular network are required. In both cases, larger number of radio access points (RAPs) are needed, and thus high capacity links are required for connecting RAPs to the centrally located base stations (BSs). Optical fibers are suitable to provide such high capacity backhaul links. Consequently, radio-over-fiber (ROF) techniques will be essential for future wireless networks, e.g. 5G, in which a large number of RAPs with considerable data rates need to be connected to BSs [1] - [4] .
Although ROF has been established for a long time [1] , there have always been new efforts to improve its performance [3] - [5] . Since an optical link needs to be integrated in a wireless radio network, many challenges may arise into the design of ROF systems, such as fiber impairments, device limitations, optical and radio frequency (RF) modulation consistency, spectral efficiency, cost, and complexity to name a few. Hence, many performance improvement techniques have been introduced for ROF [4] . Some of these improvement methods rely on devices with enhanced parameters, while some others may improve the performance by an efficient link design or signal processing scheme.
One of the most important parameters for performance evaluation of ROF systems, like any other communication system, is signal-to-noise-ratio (SNR). Here, SNR refers to the ratio of RF signal power to the noise power at the end of optical fiber link after photo-detection. For downlink, the achievable SNR can determine the maximum cell radius based on the minimum acceptable SNR for mobile user. In [3] , it was demonstrated that higher received power does not always result in higher SNR, and SNR would be saturated after a certain point. This happens because of the signal-dependency of noise after photo-detection. Moreover, considering the mechanisms of noise generation in the ROF channel, the noise power at any time depends on the instantaneous received power [6] , [7] . However, most of the current ROF literature has overlooked this fact by linking the signal-dependency of the ROF noise only to the average signal power (signal's DC value) rather than its instantaneous value. This is of course a valid assumption for very low modulation depth, but in relatively high modulation depth the instantaneous signaldependency of noise needs to be taken into account. Therefore, in this paper, based on a more accurate noise model, a method is proposed to mitigate the signal dependency of the noise, and consequently improve SNR.
ROF links support connectivity filling the gaps within wireless communication networks. Wireless links are used to connect users and RAPs, while ROF links, which are the focus of this paper, connect RAPs to the BS. In some practical scenarios the wireless link may determine the overall system performance, whereas in some other scenarios most of link budget is devoted to the optical fiber link [5] . In this paper, we focus on the noise behavior of the optical fiber channel and propose a performance improvement technique accordingly. This technique is based on a transformation which converts the ROF channel impaired by signal-dependent noise to a conventional AWGN channel and can be performed regardless of the modulation format in the downlink or uplink of a communication system.
In most of communication systems, it is appropriate to assume that signal and noise are independent. However, in some optical communication [8] and image processing applications [9] signal-dependent noise appears. In [10] , [11] , a normalizing approach has been developed which can transform a random variable with mean-dependent variance to a random variable with unit variance. Recently, this approach has been applied for efficient signaling in optical wireless communication [8] when the signal-dependent shot noise is dominant. In another work [12] , the same transformation is applied as a tool for capacity approximation of a Poisson channel, and it seems other applications may also exist for this approach [13] . In this paper, we use the variance normalizing transform to propose a technique in order to improve the SNR and consequently system performance.
In section II, the channel model of ROF is presented, focusing on the electrical-optical conversion and noise sources. A more accurate noise treatment is also presented. In section III the variance normalizing transform is elaborated, and the resulting ROF system is proposed. In section IV and V, the simulation results and conclusion are discussed.
II. CHANNEL MODEL
Considering a downlink ROF system that provides backhaul connection between BS and RAPs in a wireless communication network, the baseband signal is generated in the BS, and then upconverted to an RF signal. In general, the baseband signal is complex, but through the upconversion process, the RF signal would be real. The electric RF signal then needs to be modulated on the optical carrier, which can be performed using direct or external modulation. In this paper, direct intensity modulation using laser diode (LD) is considered. It is also assumed that the modulation is performed in the linear region of LD, and thus the nonlinear laser distortions are ignored. The RF signal s(t), considered as an electrical current, is first biased and then fed into the LD. As a result, the output optical power of laser diode would ideally be
where P 0 is the mean optical power, and m is the modulation index. The optically modulated signal is then propagated through the fiber. Single-mode fiber is considered all over this paper due to its advantages over multi-mode fibers [6] . The signal transmitted through the fiber is affected by fiber impairments, namely, nonlinearity, dispersion, and attenuation. In ROF systems, the distortion effects of nonlinearity and dispersion can be ignored because of low bandwidth and relatively short fiber lengths [5] , while different equalization methods can be used to mitigate these effects if they are significant [4] . The attenuation is simply compensated by an electrical or optical amplifier. An optical amplifier like Erbium doped fiber amplifier (EDFA) adds an amplified spontaneous emission (ASE) noise to the optical signal. The ASE noise will be discussed later in this paper. Nonetheless, most of ROF systems, especially in downlink, may not require optical amplifier [4] , and an electrical amplification is performed before launching the signal into the antenna.
At the receiver, the optical signal needs to be converted to an electrical signal before being sent through the antenna over the wireless channel. This can be performed by direct detection using a photo-diode (PD), which generates an electrical current proportional to the received optical power. Therefore, the photo-detected current is given by
where R is the responsivity of PD. For simplicity, R = 1 A/W is assumed throughout this paper. The output of PD also contains the noise n(t). There are several noise types including thermal noise, shot noise, and relative intensity noise [6] . Like any other communication system, thermal noise is added to the signal from different sources. Overall, the thermal noise power can be expressed as
where k b , T , R L , and B are respectively Boltzman constant, absolute temperature, load resistance, and electrical bandwidth.
The second source of noise is shot noise that originates from the fact that the optical signal consists of photons that hit the PD in random times [6] , and its power is
where e is the electron charge. Based on (4), the shot noise power depends on the instantaneous current I [7] . This causes signal-dependent noise that cannot be simply treated based on the conventional additive white Gaussian noise (AWGN) model. Most of the ROF literature, however, has overlooked this fact by relating the signal-dependency of the noise to the average rather than instantaneous current. The relative intensity noise that describes fluctuations in optical power also plays a significant role in ROF systems. These fluctuations may originate from different sources, such as the laser source or reflections from fiber discontinuities [4] - [6] , [14] - [16] . In [17] , another expression for the power of relative intensity noise was derived for subcarrier-multiplexed systems. It was indicated that, confirming previous findings [18] , the power of relative intensity noise depends on the modulation index. Nonetheless, similar to shot noise in ROF literature, the power of relative intensity noise is defined as function of the average square of received current rather than instantaneous current. However, considering intensity fluctuation ∆P (t) as a zero-mean process [5] , the output optical power of LD can be expressed as
The spectral density of noise current resulted from the intensity fluctuation after photo-detection is [14] - [16] < i
where RIN is the noise parameter expressed in dB/Hz. Therefore, the noise power considering the RF signal would be
The equation (7) shows that the power of relative intensity noise depends on the square of instantaneous current. It can be concluded that the noise at the output is dependent on the signal power. This is important because it limits the SNR and thus degrades the performance of the system. It should be noted that the effect of ASE noise would be similar to that of thermal noise since it is not correlated to either the signal or the relative intensity noise [6] . Furthermore, although the ASE noise theoretically changes the amount of optical power incident on the PD, and consequently alters the shot noise power, this effect can be neglected for practical optical SNR values. Therefore, the ASE noise can be simply modeled as an additive signal-independent noise similar to thermal noise.
After photo-detection, the received RF signal would be filtered by a bandpass filter, amplified to a required power, and sent through the antenna to the wireless channel. In the uplink, the users' received RF signals from the antenna, would be transmitted through the fiber with the same procedure. The main difference is that the received signal from wireless channel is noisy itself, but this may not affect the applicability of the technique proposed in the next section.
III. VARIANCE NORMALIZING TRANSFORM FOR ROF

CHANNEL
In this section, a variance normalizing transform is introduced to compensate the signal-dependency of noise, and a scheme for incorporating it in an ROF system is proposed. Using this normalizing transform the ROF channel is essentially converted to an AWGN channel based on which the typical RF signals are designed. The proposed scheme will thus improve the SNR of the received RF signal compared to transmission over the signal-dependent ROF channel. Apart from increased SNR, the BER performance will also be enhanced due to independence of noise from signal when symbols with different amplitudes are transmitted.
From the literature [8] - [11] , it is well known that the variance normalization transform is applicable to any wellbehaved random variable x, with mean µ x and variance σ 2 x which is a function of µ x
The normalizing transform is defined as y = T (x) where
The resulting random variable would have the statistics σ 2 y ≃ 1 and µ y ≃ T (µ x ) for sufficiently large values of µ x . In [9] , it was shown that the probability distribution of the transformed random variable tends to normal distribution.
For ROF systems, the signal after PD can be expressed as x = I + N , in which I is the signal and N is the noise considering all noise sources. The mean value of the signal is
and its variance can be evaluated as Therefore, the normalizing transform can be defined as
where the denominator of the logarithm is chosen so that T (0) = 0. The inverse normalizing transform can be evaluated as
Having defined the forward and inverse normalizing transforms, the variance normalizing technique can be proposed for a ROF system. Fig. 1 shows the block diagram of ROF system incorporating the proposed technique, which is the same as a conventional ROF system except the transform blocks. In such structure, the upconverted signal I RF (t) is first biased and then transformed by the inverse normalizing transform toĨ RF (t). Then, the corresponding optical wave is transmitted through the fiber. The forward normalizing transform is demonstrated in Fig. 2 for parameters RIN = −155 dB/Hz, R L = 50 Ω, T = 300 , and unit bandwidth. It can be seen that the output range of the transform is large, and thus it is needed to scale the RF signal before performing the inverse transform at the transmitter in order to ensure reasonable optical power. Therefore, the input current for LD would be 
where α is the scaling factor. Note that this scaling factor can be included in the transformation blocks at the transmitter and the receiver, and does not need any additional component. Applying the scaling and forward normalizing transform at the receiver
and removing the bias current, the original signal I RF (t) can be recovered along with a signal-independent noiseñ(t)
Based on the variance normalizing transform,ñ(t) is a signal-independent Gaussian noise with variance 1 α 2 . Therefore, the overall system can be described as an AWGN channel. Note that n(t) is the signal-dependent noise defined in (2) . The rest of the system is the same as a conventional ROF system.
Using the variance normalizing transform, the signal is first expanded by the inverse transform at the transmitter, and, after propagation in the fiber, it is compressed at the receiver. This resembles companding techniques used in telecommunication such as the well-known A-law and µ-law companding methods or the nonlinear companding technique for PAPR reduction in OFDM [19] . The companding techniques in the literature, however, have different approaches, objectives, and applications compared to the technique proposed in this paper.
IV. RESULTS AND DISCUSSION
In this section, simulation results for an ROF system using the proposed technique are presented. First, the effects of normalizing transform on the signal and noise samples are investigated, and then the SNR in such a system is evaluated.
In order to demonstrate the effects of normalizing transform, a simulation is performed for signal samples with uniform distribution, average PD current 10 mA, and maximum modulation index. The results are shown in Fig. 3 . The original noise samples are shown in Fig. 3a . It can be seen that higher noise amplitudes occur for higher amplitudes of signal which clearly shows the signal-dependency of the noise. On the other hand, as shown in Fig. 3b , the normalizing transform not only mitigates the signal dependency, but also reduces the noise variance for most of the signal samples. Therefore, it is expected that the performance of system should be better in this case. Fig. 3c , shows the output of inverse normalizing transform for different input RF signal amplitudes.
At this stage, we can evaluate the performance of ROF system using the variance normalizing technique. Fig. 4 shows the SNR results for a system in which OFDM signaling is assumed with modulation index of 0.2 and two different RIN values. The modulation index is chosen so that no distortion occurs due to clipping for very low amplitudes. It is known that [20] , for large number of subcarriers, the OFDM signal can be perfectly approximated as a Gaussian process. Therefore, using this approximation, the SNR for the RF signal is evaluated. It should be noted that the SNR evaluation is performed for unit bandwidth, and thus the values of SNR are in dB/Hz. It can be seen in Fig. 4 that while the SNR of conventional ROF system without any transform is saturated for high values of signal power, the SNR is increasing for the system incorporating the variance normalizing transform. The gain of using the transform in high powers is 16.2 dB/Hz and 17.3 dB/Hz for RIN values of -155 dB/Hz and -145 dB/Hz, respectively.
The performance of a communication system using ROF depends on several parameters such as optical and wireless link SNRs and losses in the links and devices. Although no symbol detection or signaling is performed at the fiber link, the SNR improvement for the optical link achieved in this paper significantly enhances the BER performance of the overall communication system which is directly related to the optical SNR at the output of the ROF link. Increasing the wireless cell radius is another consequence of SNR improvement for constant input power. Apart from SNR improvement, it is demonstrated that noise variance becomes constant for different signal amplitudes after variance normalizing transform, or in other words, the channel becomes signal-independent AWGN. This would allow to efficiently use conventional signal processing and coding schemes that are specifically designed for signal-independent AWGN channels.
Finally, it should be noted that the method proposed in this paper can be implemented by digital or analog signal processing units. Moreover, the same method can be investigated for external modulation using Mach-Zehnder modulator (MZM) or coherent signal transmission over the fiber. However, the complexity will increase in both cases.
V. CONCLUSION In this paper, the ROF channel was analyzed using a more accurate noise model, and a method was proposed based on variance normalizing transform. Applying the proposed method, the ROF channel distorted by signal-dependent noise is transformed into an ordinary AWGN channel based on which most of the conventional coding and signal processing techniques are designed. The results show that by using the proposed technique, the SNR of the received RF signal in ROF systems is improved and is not saturated at high signal power. This would eventually result in better end-to-end performance of wireless communication networks using ROF.
